A cylindrical rod placed at the leading edge of the S809 airfoil is used as an alternative for the conventional vortex generators. In this paper, extensive numerical investigations have been conducted on the effects of the rod on the static and dynamic stall performance of the S809 airfoil. The flows around the stationary and sinusoidally oscillating S809 airfoils at Re ¼ 10 6 are simulated by solving the unsteady two-dimensional Reynolds-averaged Navier-Stokes equations with the Shear Stress Transport k-! model. For the stationary airfoil, the leading edge rod can effectively enhance the aerodynamic characteristics of the airfoil and delay the stall angle, with the maximum lift-drag ratio increased by 30.7%. For the airfoil undergoing deep dynamic stall, the rod shows the capacity of eliminating the dynamic stall vortex at the leading edge and suppressing the flow separation at the tailing edge. It also reduces the peak of the negative pitching moment and the hysteresis effects substantially, and eliminates the negative damping sub-loop of the moment coefficient. Moreover, the distance between the rod and the airfoil has a strong influence on the lift forces but little effect on drag and moment coefficients of airfoil under deep dynamic stall.
Introduction
Dynamic stall is an unsteady aerodynamic phenomenon that would have a large effect on wind turbine operation. 1, 2 The term 'dynamic stall' has been used to describe the delay of stall on wings and airfoils that are rapidly pitched beyond the static stall angle. It is characterized by the gradually growing recirculation region on the suction surface of the airfoil, massive flow separation, formation of leading edge vortex and its convection past the trailing edge, and flow reattachment to the airfoil. [3] [4] [5] [6] Dynamic stall can result in large excursions in lift and pitch moment, 3, [7] [8] [9] whilst the shedding of dynamic stall vortex (DSV) brings about drastic fluctuation in aerodynamic forces. 8, 10, 11 The occurrence of dynamic stall on wind turbine blades will lead to increased or excess structural loads, 1, 12 which could result in large stresses or even structural fatigue in blades, especially for large sized wind turbines.
Researchers have investigated various ways to control the vortex shedding associated with the dynamic stall effect, to achieve the following goals 13, 14 : (1) reducing negative pitch moment peak, (2) increasing lift force while maintaining or reducing drag during downstroke or in a whole oscillation process, and (3) alleviating or eliminating the hysteresis phenomenon. It is known that the flow fields around wind turbine airfoils are determined by the control equations, initial values and boundary conditions. Thus, the methods for controlling dynamic stall can be divided into two categories: one is to change the control equations via adding source items, e.g. via using electromagnetic forces or plasma methods 15, 16 ; the other is to change the boundary conditions of the flow field via vortex generators, 13, 17, 18 trailing-edge flaps/ gurney flaps, 19, 20 oscillation/flexible walls, 21 synthetic jets, 14, 22, 23 etc. The DSV usually originates near the leading edge of the airfoil. Therefore, most devices for the suppression of leading edge vortex are proposed to be implemented near the leading edge. Vortex generators have been widely used for wings, wind turbines and heat exchanger to control flow separation and enhance the performance. The recent investigation of Pape et al. 17 into their effects on dynamic stall control was to place the vortex generators at the leading-edge of the airfoil, and a significant reduction of the negative pitching moment was achieved. For the static stall, however, their results showed that the vortex generators alleviated the trailing-edge separation, but resulted in a penalty of the maximum lift. Commonly, the conventional vortex generators are small triangular or rectangular plates. As an improved version, Heine et al. 13 proposed to install some flat cylinders vertically on the pressure side near the leading edge as vortex generators to alleviate dynamic stall. The experimental results verified the effectiveness of the cylindrical vortex generators in reducing the negative pitching moment peak and hysteresis effects.
The aforementioned vortex generators which are mounted on the airfoil surface usually have the disadvantages that they often significantly increase drag under attached flow conditions 24 and the installation and maintenance are costly. By contrast, a rod-airfoil configuration, called elevated wire concept, has been proposed recently by Choudhry et al. 18 As shown in Figure 1 , the rod is placed in front of the leading edge but parallel to the span of the airfoil, which is installed in a different manner from those in Heine et al. 13 . The experimental results showed that the method is very effective in reducing the DSV strength and pressure drag for a NACA 0021 airfoil undergoing constant-rate pitch-up motion. Unfortunately, in their experiments, only the dynamic stall performance in the upstroke process was conducted at a relative small Reynolds number of about 5 Â 10 4 . In this paper, a detailed investigation of the effects of leading edge rod on the static aerodynamic and dynamic stall performance of the wind turbine airfoil S809 at Reynolds number of 10 6 is presented. The diameter of the rod is set 0.01c, where c is the chord length of the airfoil. Such a diameter of the rod would not bring about large vibrations. 18 The simulations are conducted by employing Shear Stress Transport (SST) k-! turbulence model of the Commercial software Fluent 15.0. In the following sections, the computational model is firstly validated. Then the effects of leading edge rod on the aerodynamic loads and flow structures around the static and sinusoidally oscillating S809 airfoil are comprehensively studied, with D ¼ 0.01c and L ¼ 0.02c, 0.022c, 0.025c, respectively.
Numerical simulation models
Two-dimensional solutions of the flow fields around the rod-airfoils configuration are suitable for exploring its underlying mechanism for dynamic stall suppression. Two examples are selected to validate the computational model: first, the rod-airfoil canonical benchmark 25 is selected to examine its capacity of capturing the periodic flow around the rod and the interactions between the rod and airfoil; second, the OSU experimental data 26 are taken to validate the simulation model in simulating the flows around stationary and sinusoidally oscillating airfoils.
The rod-airfoil test case
The rod-airfoil configuration comprises of a cylinder with a diameter D ¼ 0.01 m and a NACA 0012 airfoil with a chord length of 0.1 m. The distance between the rod and airfoil is one chord. The Reynolds number based on the chord length is 4.8 Â 10
5 . The computational domain extends 8c upstream and 20c downstream of the coordinate origin (airfoil leading edge), and stretches 15c in the crosswise direction. Two hundred grid points are uniformly placed along the cylinder surface, and 400 points are distributed along the airfoil surface with clustered grids near the rear and leading edges. The heights of the first layer grid normal to the surfaces of the cylinder and airfoil are 10 À4 D and 10 À5 c, respectively, to ensure wall y þ < 1. The topology of the grid around the rod-airfoil configuration is shown in Figure 2 . Unstructured triangular grid is used around the cylinder and structured quadrilateral grid is used for the other domain.
The boundary conditions are chosen in accordance with the benchmark experiments conducted by Jacob et al. 25 The pressure-based segregated solver is employed to solve the 2D Reynolds-averaged Navier-Stokes equations with the implicit algorithm. For pressure-velocity coupling, SIMPLE algorithm is chosen. Other options include the second-order upwind scheme for spatial discretization, and the second-order implicit scheme in simulating the transient flows. The convergence criteria for residuals of continuity, momentum, and turbulent parameters are set to 1 Â 10
À5
. The dimensionless time step is set Át ¼ 0.04D/U 1 , which means that the Courant-Friedrichs-Lewy (CFL) Figure 1 . Schematic of the rod-airfoil configuration.
number is less than 10. In theory, the CFL number is suggested to be less than one in solving the transient flow. For the cases in the present investigations, time independent study shows that no information on relative flow structure is lost when the CFL is chosen to be less than 10. The maximum number of iteration per time step is 50, which could ensure the residuals achieve convergence criterion at each time step.
The validation is firstly taken by examining the Strouhal number of the shedding frequency of the rod. The Strouhal number is computed via fast Fourier transform analysis of the lift force on the rod. Over 50 periods of vortex shedding have been sampled. The computed shedding frequency is 1699 Hz, which corresponds to a Strouhal number of 0.236, while the experimental Strouhal number is 0.19. In the study of Jacob et al., 25 simulations of the case were also performed by solving the two-dimensional unsteady Reynolds averaged Navier-Stokes (URANS) with the two equation Wilcox's k-! model. The grid number was 67,000, and the computed Strouhal number was 0.24. Although these two numerical investigations agree well with each other, they both overestimated the vortex shedding frequency or the Strouhal number of the case. Siozos-Rousoulis et al. 27 applied 3D URANS to the case, to make a comparison with the prediction of the 2D simulations. The two-equation k-! SST turbulence model is used, and the computational domain extends over 4.8D in the spanwise direction, 6c upstream of the origin (airfoil leading edge) and 15c downstream, and 12c in the crosswise direction. The total mesh is about 1.7 million nodes. The predicted shedding Strouhal number of the 3D simulated results is 0.23, compared with the 0.232 of their 2D result with the same grid topology.
Further validation is taken by comparing the mean x-velocity profiles at two streamwise locations, x/c ¼ À0.25 and x/c ¼ 0.25, which are located 0.25c upstream and downstream of the coordinate origin (the leading edge of the airfoil), respectively. The computed x-velocity profile at x/c ¼ À0.25 agrees well with the experimental data, and the numerical results of Jacob et al. 25 and Siozos-Rousoulis et al. 27 , as shown in Figure 3 . On the other hand, all the numerical results are slightly overestimated at x/c ¼ 0.25, compared to the experimental data. In consideration of the good agreement with other numerical simulations and general agreement with experimental data, the computational model is considered sufficiently accurate for the present study.
The S809 airfoil test case
The OSU experimental data 26 are taken to validate the computational model's capacity in simulating the flow around the stationary and the sinusoidally oscillating airfoils. The experiment was conducted in a 3 Â 5 subsonic wind tunnel of the Aeronautical and Astronautical Research Laboratory in the Ohio State University. A S809 airfoil model with a 457 mm constant chord was manufactured for the test. For pitch oscillation conditions, the airfoil is pivoted at its pitch axis, which is located at a quarter chord length from the leading edge. The pitch oscillation motion of the airfoil is defined by,
where (t) is the instantaneous angle of attack, while m and Á are the mean angle of attack and pitch oscillation amplitude, respectively; f is the pitch oscillation frequency. The reduced frequency is defined by,
In the tests, the mean angles of attack are 8 , 14
and 20 ; the pitch oscillation amplitudes are AE5.5
and AE10 ; and the reduced frequencies are 0.026, 0.050 and 0.077.
The results of the stationary airfoil and sinusoidally oscillating airfoil under deep stall ( m ¼ 14 ,
and k ¼ 0.050) at Reynolds number of 10 6 are chosen in this paper. A two-dimensional grid is designed for the S809 airfoil, as shown in Figure 4 . The inlet and the outlet boundaries are located at the outer circle (the frontal and the rear sides, respectively) 20c away from the airfoil, to eliminate the blockage effect. 28, 29 The whole domain is divided into two sub-domains, i.e. the external and the internal domain. When simulating the flows around the oscillating airfoil, the internal domain can oscillate in pitch, and the sliding mesh technique is employed to deal with the interface between the two domains. The O-type grid topology is used. Five hundred grid points are placed along the airfoil surface and are clustered near the leading and trailing edges. In the direction normal to the airfoil surface, 220 grid points are placed with 160 grid points placed in the internal domain and 60 grid points in the external domain. The height of the first layer grid next to the airfoil is 10 À5 c to ensure wall y þ < 1, which is often adopted by other researchers. 28, 30, 31 For the present rod-airfoil cases (see Figure 4d) , a sub-domain near the leading edge is generated for the grid around the rod. Two hundred grid points are placed along the rod surface and the height of the first layer grid near the rod surface is 10 À3 d to ensure wall y þ < 1. Unstructured triangular mesh is used to facilitate the generation of the grid.
Additionally, 30 layers with a growth factor of 1.1 are used for the grids adjacent to the airfoil and the rod in the normal direction to the surface, to accurately model the boundary layer flow. Grid independence is conducted, and the final optimum grids contain about 1.1 Â 10 5 and 1.5 Â 10 5 cells for the original airfoil and the airfoil with rod, respectively.
The computational cases are set up according to OSU's tests. 26 As shown in Figure 4 , the options for the boundaries are the velocity inlet and the pressure outlet. The free-stream velocity parallel to the X direction is defined at the velocity inlet. The gauge pressure is set zero at the pressure outlet. Furthermore, the wall conditions at the airfoil and the rod are noslip boundary conditions. The discretization and numerical schemes are the same as the case in Figure 2 . In simulating the dynamic stall cases, the internal domain rotates around a quarter chord length by programming a User-Define Function. For the cases of the stationary airfoil, Karbasian et al. 29 and Johansen 32 have also conducted the simulations with the k-! SST turbulence model in ANSYS Fluent and EllipSys2D, respectively. Their grid topologies are C-type and O-type, and the computational grid numbers are 25,200 and 16,384, respectively. A comparison is made between the present computed results with experimental results 26 and the referenced numerical results, to validate the present computational models.
The present simulated lift and drag coefficients agree well with the numerical results. In addition, all the computed lift coefficients are in good agreement with experimental data at angles of attack less than 8 . As the angle exceeds 8
, they all overshoot the experimental data. In Figure 5 (b) and (c), the present results of drag and moment coefficients match with the experimental ones until 15 . With the increase in angle of attack, the calculated drag and moment coefficients are smaller than the experimental data. In general, all the simulation results deviate from the experimental data to some extent at high angles of attack. This can be attributed to the insufficient of the turbulence model in predicting flow separation. Considering the reasonable agreement with experimental data and the numerical results of other researchers, the present model is thought to be capable of simulating the present cases.
For the dynamics stall case, the simulated aerodynamic coefficient hysteresis loops follow the experimental ones with acceptable precision in most parts of the loops, as shown in Figure 6 . During the upstroke, when the flow falls into the stall regime, the simulated lift coefficients become overestimated while the drag coefficients are underestimated at angles of attack from about 16 to 21 . During the first half part of the downstroke, the flow becomes very complex due to the shedding of vortex from the leading edge of the airfoil, which is the characteristic of deep stall phenomenon. In addition, the simulated aerodynamics coefficients fluctuate evidently. In fact, the apparent scattered experimental data can also be regarded as the fluctuations of the coefficients. The large fluctuations of aerodynamic coefficients in the downstroke can be attributed to the combination effects of both the vortex shedding and the oscillation of the airfoil. The fluctuating magnitudes of the numerical results are larger than the experimental data. This might be due to the fact that the flow is actually three-dimensional in deep stall region while the simulation was conducted with an assumption of 2D vortex structures. 33 From the above comparison and validation, it can be seen that the computational models adopted in this paper are capable of simulating the aerodynamic coefficients of the flow around the S809 airfoil under both the static and dynamic stall conditions.
Results and discussion of the rod effect Variations in aerodynamic performance of stationary airfoil Figure 7 depicts the static coefficients of the airfoil with and without rod. The rod has an obvious effect on the aerodynamic coefficients of the stationary airfoil. For the case with D ¼ 0.01c and L ¼ 0.02c, the lift curve is obviously higher than the original one's at 
Analysis of pressure coefficient and flow structure of stationary airfoils
The mean static pressure distributions on the surface of the original airfoil and the airfoil with rod of D ¼ 0.01c and L ¼ 0.02c are presented in Figure 8 . The pressure distribution and flow fields around the airfoils are time averaged over 100 periods of vortex shedding. In Figure 8 (a), a higher suction pressure curve is obtained on the first half of the suction surface of the airfoils with rod. In addition, its peak suction pressure coefficient reaches À11.6, while that of the original airfoil is just À7.7. In Figure 8 (b), it can be seen that in the stall regime, the peak pressure coefficients and suction pressure on the first half of the suction surface of the airfoil with rod gradually decrease with the increase in angle of attack. This helps explain the phenomenon of the decrease in lift in Figure 7 (a).
To explore the flow structure further, it is necessary to analyse the flow fields around the airfoils. results in second lift coefficient increment, as shown in Figure 7 (a). The changes in flow structures are related to the vortex shedding around the rod. The distribution of turbulent kinetic energy along the surface of the airfoil is shown in Figure 10 , with the presented vortex shedding patterns at 18.2 and 22.0 , respectively. Clearly, vortex shedding from the rod at 22.0 is much more intensive and expands much larger, which would result in more kinetic energy being supplied from the main flow into the ".
boundary layer of the airfoil and help prevent the boundary layer separation. Theoretically, the rod-airfoil configuration can be compared to the tandem and staggered two-cylinder arrays. As summarized by Derakhshandeh et al., 34 the minimum space between two tandem cylinders should be greater than 1.5D to allow vortex shedding from the upstream cylinder. For the present cases, the vortex formation and shedding are much more complicated, and the vortex shedding patterns and their interactions with the airfoil are affected by more factors, such as the angle of attack, the distance and the diameter of the rod.
Variations in dynamic stall performance of sinusoidally oscillating airfoil
In this section, the airfoil with a rod of D ¼ 0.01c and L ¼ 0.02c is chosen as an example, to explore and discuss the rod's effects on the dynamic stall performance of the sinusoidally oscillating S809 airfoil.
As shown in Figure 11 , the rod has a pronounced effect on the dynamic stall performance of the airfoil. As shown in Figure 11 (a), during the upstroke process, the rod has a negligible influence on the lift coefficient hysteresis loop of the airfoil at low angles of attack. When the angle of attack exceeds 15 , the effect of the rod becomes notable. Due to the counter-rotating vortices shedding from the rod, the energy from the external flow is continuously fed into the boundary layer of the airfoil, which leads to the delay of flow separation and stall. The stall angle of the airfoil with rod becomes 19 , while that of the original airfoil is only 16.7 . In addition, the maximum lift coefficient of the airfoil with rod increases by 10%, and reaches 1.64; and the lift coefficient of the airfoil with rod is generally 15.4% higher than that of the original airfoil in the process of stall during the upstroke. More close observation reveals that the lift coefficients of the original airfoil oscillate severely, especially during the downstroke process. On the contrary, no evident oscillation in lift coefficient exists for the airfoil with rod in the whole dynamic stall process. This means that a more stable lift is obtained. Additionally, the lift coefficients increase by 58.4% compared with that of the original airfoil at 15.8 in the downstroke process. From above discussion, it can be concluded that the rod reduces the lift hysteresis effect substantially.
Figures 11(b) and (c) show that the rod's effects on the drag and moment of the airfoil are also considerable. With the help of the rod, the peaks of the drag and the pitch moment coefficient loops are both reduced considerably. In the present case, the maximum drag coefficient is reduced by 54.2% and the maximum negative pitch moment coefficient is reduced by 74.0%, compared with those of the original airfoil.
For the airfoil with rod in the oscillating process, its moment coefficient changes along a nearly counterclockwise path, as can be observed in Figure 11(c) . By contrast, a clockwise sub-loop of the moment coefficient is formed for the original airfoil at high angles of attack. Clockwise loops are said to be associated with negative damping. 35 A negative aerodynamic damping means the air flow would supply work continuously to the vibration of the airfoil, which may lead to aerodynamic instability and stall flutter that will bring Figure 15 . Vorticity field superimposed with streamlines around airfoil with rod of L ¼ 0.022c and
about increased structural loads or may lead to fatigue failure. It is known that one of the crucial goals for dynamic stall control is to eliminate the clockwise sub-loop or to reduce the negative pitch moment peak. The installation of a rod helps eliminate the clockwise sub-loop, and is thought to be beneficial for safe operation of the wind turbine blades.
To further explore the effect of the rod on flow development around the oscillating airfoils, instantaneous vorticity fields superimposed with flow streamlines are presented in Figures 12 and 13 . Figure 12 shows the flow around the original airfoil. During the upstroke process, the flow is fully attached to the airfoil at a < 14.7
. At 14.7 ", the boundary layer separation and reversed flow initiate at the tailing edge, which is significantly delayed compared to the static case. As the airfoil pitches up further to 16.7 ", the boundary separation point moves upstream and the tailing edge vortex enlarges. As a result, the lift coefficient starts to decrease from 16.7 " to 22.7 ", as can be seen in Figure 11 (a) (the dashed line). After 22.7 ", a DSV forms and begins to shed from the leading edge of the airfoil. The shedding of vortex can also be observed in the flow field at 23.3
". The formation and shedding of DSV at the leading edge would contribute to the second lift peak at 23.3 ", as shown in Figure 11 (a). The second lift peak has also been detected experimentally by Taylor and Amitay, 14 which was reported to occur over a very narrow range of angles of attack, and may be missed by experimental measurement. For this airfoil, the DSV shedding occurs in the range of attack angle of 22.7 " to 23.5 ". Additionally, in the downstroke phase much more complicated vortex structures appear on the suction surface of the airfoil, e.g. at ¼ 20.8
#. This observation confirms the conclusion of Leishman 36 and Wang et al. 37 that a secondary counter-clockwise vortex is likely to form at the leading edge during the downstroke. Owing to the complicated vortex structure, the aerodynamic coefficients fluctuate drastically, as can be observed in Figure 11 .
For the airfoil with rod, by contrast, its instantaneous vorticity fields superimposed with flow streamlines are quite different, as shown in Figure 13 . With the help of the rod, during the upstroke process, the occurrence of boundary layer separation and reversed flow does not appear until about 16.7 ". It can be seen that at 16.7 " the reverse flow region near the suction surface is nearly of the same size as the original case at 14.7
". At 19.0 ", a small vortex forms at the tailing edge and sheds into the wake. That is the reason for the appearance of a small peak in both the drag and moment coefficient hysteresis loops, as shown in Figure 11 . The vortex shedding phenomenon from the trailing edge disappears with the increase in angle of attack, due to the suppression of the energy produced by the vortex shedding from the rod. At 20.8 ", the boundary layer recovers completely to an attached flow on the suction surface. Apparently, no leading edge DSV is formed and no high vorticity vortex is shed in the whole pitch oscillation process. This observation is also supported by the experimental conclusions by Choudhry et al. 18 The variations of the coefficients and flow structures can be explained to some extent by scrutinizing the zoomed-in flow field around the airfoil, as shown in Figure 13(b) . In contrast to the vorticity fields around the original airfoil, the vorticity fields of the airfoil with rod are segmented by vortices shedding from the rod. The vortices produce negative vorticity and positive vorticity alternately, which suppress the development of reverse flow at the tailing edge and the formation of the DSV at the leading edge. The suppression of the separated flow on the suction surface substantially changes the flow structures around the airfoil with rod, and consequently leads to a rise in the maximum lift force and an evident reduction in the fluctuation of all force coefficients.
Influence of the gap distance on dynamic stall
As shown in Figure 14 , the distance between the rod and the airfoil has a pronounced influence on the dynamic stall performance of the airfoil, especially on the lift coefficient hysteresis loop. Two notable features of the lift coefficients hysteresis loop can be observed.
The first feature is that, with the increase in distance, a second peak appears in the lift coefficient loop during the second half of upstroke process (see the cases of L ¼ 0.022 c and L ¼ 0.025 c). The vorticity fields with superimposed streamlines could reveal the underlying mechanism. As shown in Figure 15 , for the cases of the airfoils with rod of L ¼ 0.022c and L ¼ 0.025c, the flow topologies around the airfoils from 19 " to 24 can be categorized into two phases: first a reverse flow appears in the upstroke process, but the separation point almost does not move upstream with the increase in angle of attack; then the separation flow region gradually diminishes with further increase in angle of attack. The diminishment of the reverse flow region is due to the entrainment effect of the shedding vortex from the rod, which brings kinetic energy from the external flow into the boundary of the airfoils. The same mechanism for the suppression of the boundary layer separation can also be seen for the static cases (see Figure 10) . Consequently, the lift coefficient rises and the second lift peak forms, but it does not occur at the same angle for different distances. Of course, the second lift peak can also be observed for sinusoidally oscillating airfoils without rod, but it is caused by the shedding of the DSVs from the leading edge (refer to the discussion about Figures 11 and 12) , as confirmed both experimentally and numerically. 3, 10, 35 From the above discussion, it is clear that the mechanism for the second lift peak of the original airfoil and the airfoils with rod is totally different.
The second feature is that the lift coefficients increase with the increase of the distance during the first half of downstroke process, as shown in Figure 14 . The lift coefficient is approximately 71.2% and 82.3% higher than that of the original airfoil for L ¼ 0.022c and 0.025c. On the other hand, there is no significant difference in the effectiveness of the rod with different distances on reducing drag and negative pitch moment.
Figures 16 and 17 demonstrate the rod's effects on the dynamic stall performances of the S809 airfoil with different reduced frequencies (i.e. k ¼ 0.026 and k ¼ 0.077). The rod's effects are similar to the aforementioned cases, having the functions of reducing the aerodynamic forces fluctuation, mitigating the negative pitching moment peak, eliminating the clockwise sub-loop of the pitching moment, and alleviating the aerodynamic forces hysteresis. Furthermore, at k ¼ 0.026, the lift coefficients hysteresis loops become smaller, as presented in Figure 16 . With the increase in reduced frequencies(k ¼ 0.077), however, the lift coefficients hysteresis loops exhibit larger openings. Because a high reduced frequency would make the reversed flow difficult to become reattached, the secondary peak of the lift coefficient loops in the upstroke process would move to a large angle or even disappear, as shown in Figures 16 and 17 .
Conclusions
In the present study, the effects of a rod at the leading edge on the characteristics of the static and dynamic stall of the S809 airfoil have been numerically investigated in detail. Some conclusions can be drawn as follows:
1. For the stationary airfoil, the leading edge rod can effectively enhance the aerodynamic performance of the airfoil and delay the stall angle. The maximum lift-drag ratio has increased by 30.7% at 6.2 . The stall angle of attack is increased from 16.2 to 22 . 2. For airfoil under deep dynamic stall, the fluctuations of the aerodynamic forces of the airfoil with rod have been reduced substantially. Additionally, the clockwise hysteresis sub-loop of the moment coefficient is eliminated completely. This is beneficial for safe operation of the wind turbine blades. 3. Due to the vortex shedding into the boundary layer, the separated flow on the suction surface of the airfoil is always suppressed, and no formation and shedding of the DSV are observed under deep dynamic stall. The hysteresis effects of the aerodynamic coefficient of the airfoil with rod have been alleviated considerably. 4. The distance between the rod and the leading edge of the airfoil has appreciable effects on lift force, but has little influence on drag and moment coefficients for airfoil under deep dynamic stall. 
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